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Abstract 
This paper presents a numerical study of creep crack growth in a fracture mechanics 
specimen. The material properties used are representative of a carbon-manganese steel 
at 360oC and the constitutive behaviour of the steel is described by a power law creep 
model. A damage-based approach is used to predict the crack propagation rate in a 
compact tension specimen. Elastic-creep and elastic-plastic-creep analyses are 
performed using two different crack growth criteria to predict crack extension under plane 
stress and plane strain conditions. The plane strain crack growth rate predicted from the 
numerical analysis is found to be lower than that predicted from  ductility exhaustion 
plane strain model (known as the NSW model), which uses the creep fracture mechanics 
parameter C* and the development of creep damage  directly ahead of the crack tip to 
predict creep crack growth rates under plane strain/plane stress conditions. A modified 
NSW model (NSW-MOD) is presented in which the effect of the damage angle at the 
crack tip is considered in order to predict this difference.  In the model it is assumed that 
fracture occurs first at the value of the crack tip angle, at which the creep strain, reaches 
its maximum value. It is found that the new NSW-MOD gives a better prediction of the 
plane strain upper-bound of the experimental data. 
 
Keywords: creep, crack growth rate, fracture mechanics, C*, high temperature testing, 
Finite element analysis, damage mechanics, constraint. 
 
1. Introduction 
For design and safety assessment purposes it is often necessary to establish the 
significance of defects in components subjected to creep and creep/fatigue loading. A 
number of assessment procedures, e.g. [1]–[5], are available for this purpose. When such 
procedures are used at the design stage, the sizes of postulated defects are determined 
by the resolution of non-destructive inspection methods. Otherwise the sizes of defects 
detected in service are used to make estimates of remaining lifetimes. 
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In [6] a model for creep crack growth (CCG) was introduced, based on the analytical 
form of the stress and strain fields in the vicinity of a sharp, growing crack under steady 
state conditions, and assuming that crack growth was due to the accumulation of creep 
strain in a process zone ahead of the growing crack in a creeping structure. The model 
(called the NSW model, hereafter) directly relates the CCG rate to the creep fracture 
mechanics parameter C*. Such a model was found to provide a safe upper bound for 
creep crack growth in a range of materials.  With recent advances in finite element (FE) 
methods, more complex approaches can be applied in the study of CCG, which may 
provide more accurate predictions than relatively simple analytical solutions. In particular, 
continuum damage methods have been widely used to predict failure at high temperature, 
e.g. [7]–[11]. Generally, these studies have focused on the prediction of the time to crack 
initiation and of the rupture life of the component and have not examined the CCG 
regime. In this work, an uncoupled damage-based approach is used to simulate crack 
growth from the initial transient state to the steady state regime, within a finite element 
framework. The approach follows that in [12]–[14], whereby nodes are released when 
damage reaches a critical value, simulating the formation of a sharp crack. The analysis 
focuses on the study of CCG in a carbon manganese (CMn) compact tension (CT) 
specimen. The predictions obtained from the FE analysis are compared with those from 
the theoretical NSW model, an enhanced version of the NSW model, which will be 
presented in section 3, and experimental CCG data for a CMn steel. 
2. Deformation at High Temperature 
At high temperatures metals exhibit rate dependent (creep) deformation under constant 
load. For many materials, under steady state (constant strain rate) conditions the creep 
strain rate, cε? , may be related to the stress by a power law, 
nc Cσε =?  (1) 
where C and n are material constants (which may depend on temperature). More 
generally, creep deformation can be considered to be composed of three regimes, 
namely primary, secondary and tertiary creep regimes. Generally, Eq. (1) is used to 
describe the steady state or secondary creep rate. Alternatively,  an average creep rate 
obtained directly from creep rupture data can be used to account for all three stages of 
creep deformation: 
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where εf is the uniaxial failure strain, tr is the time to rupture in a uniaxial creep test and 
, σo, AA and nA in Eq. oε? (2) are material properties, related in such a way that 
An
AA 00 σε?= . In this paper the creep exponents, n, and nA, will be used interchangeably 
and n refers to the exponent of a creep law of the type in Eq. (1) or (2). 
Unless another failure mechanism intervenes, creep deformation will eventually lead to 
rupture, which is generally associated with the coalescence of voids along grain 
boundaries. High values of triaxial tension can enhance void nucleation and growth 
leading to reduced creep ductility and creep-brittle behaviour. Several models (e.g. [15], 
[16]) which account for the influence of state of stress on the deformation and damage 
processes have been proposed, which are based on the assumption that strain rate is 
governed by the equivalent stress and void growth and initiation mechanisms by the ratio 
between hydrostatic stress and equivalent stress (triaxiality). In [16] an expression for 
multiaxial creep ductility, , based on a mechanism of grain boundary cavitation for  a 
power law creep material. From this model the ratio of the multiaxial to uniaxial failure 
strain,  is given by 
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(3) 
where h = σm/σe is the ratio between the mean (hydrostatic) stress and equivalent (von 
Mises) stress at a material point. Under uniaxial conditions, h = 1/3 and Eq, (3) gives 
, as expected. 1/* =ff εε
3. Fracture Mechanics at High Temperature 
The theory behind the correlation of high temperature crack growth data essentially 
follows that of elastic-plastic fracture mechanics. Various aspects of the characterisation 
of creep crack growth have been reviewed in [17] and [18].  
For situations where linear elastic conditions prevail (short times and/or low loads) the 
linear elastic stress intensity factor, K, may be used to predict creep crack growth. Under 
steady state creep conditions, however, the crack tip stress and strain rate fields are 
characterised by the parameter C* and linear elasticity may no longer be applicable. For 
a power law creeping material with creep law of the form of Eqs. (1) or (2), the stress and 
strain rate in the vicinity of a sharp crack tip are given by (see e.g. [17]), 
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where r and  θ  measure distance and angle from the crack tip, respectively, In is a 
parameter which depends on the creep exponent, n, and out of plane stress state (plane 
stress vs. plane strain) and, and ij
~σ  and ij~ε are dimensionless functions of n, θ, and out 
of plane stress state. The parameter C* in Eq. (4) may be obtained from a path 
independent integral and is analogous to the J integral for non-linear elastic behaviour 
[19]. C* may also be interpreted as an energy release rate analogous to the energy 
definition of J. The C* integral has been widely used as a parameter for correlating CCG  
under steady state creep conditions. For the compact tension (CT) specimen, following 
ASTM E1457 [20], C* may be calculated from creep load line displacement rate, cΔ? , 
using the expression, 
F
bB
PC
n
cΔ*
?= , (5) 
where P is the applied load, b is the remaining ligament ahead of the crack, Bn is the net 
thickness between side-grooves when used and F is a factor which depends on crack 
length, specimen geometry and creep stress index, n. 
3.1 Two Parameter Crack Tip Field 
In [21] the single parameter characterisation of Eq. (4) was extended by including 
higher order terms in the crack tip fields. The crack tip stress field is represented by an 
equation of the form: 
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The first term in Eq. (6) is the HRR field (as before). The crack tip fields are thus 
described by two parameters: C*, which controls the amplitude of the crack tip singularity, 
and Q, which measures the ‘constraint’ of the body through the deviation of the full field 
solution from the HRR solution. From elastic power-law plastic [22] and elastic power law 
creep [23], analyses the deviation of the full field solution from the HRR solution has been 
seen to correspond closely to a uniform hydrostatic stress state, i.e. ijij δσ ≈ˆ , where δij is 
the Kronecker delta. 
3.2 Models of Steady State Creep Crack Growth 
Based on the form of the crack tip fields in Eq. (4) and using a ductility exhaustion 
argument it was shown in [6], that the creep crack growth rate, , may be written as a?
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where rc is the size of the creep process zone and  is the appropriate multiaxial crack 
tip ductility. The model is known as the NSW model. In 
*
fε
[25] it is recommended that under 
plane stress conditions the multiaxial ductility, ,  be taken as the uniaxial failure strain, 
εf, and εf /30 under plane strain conditions. The plane stress and plane strain NSW lines 
should then span the experimental CCG data, with Eq. 7 predicting that the crack growth 
rate under plane strain conditions is approximately 30 times higher than that under plane 
stress conditions at the same value of C* (additional state of stress effects on CCG rate 
enter through In in Eq. 7). 
∗
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In the NSW model it is implicitly assumed that fracture occurs first at the value of the 
crack tip angle,θ , at which the equivalent creep strain, quantified by ( ne , )~ θε  in Eq. (4), 
reaches its maximum value. A more general expression can be obtained, which considers 
the dependence of ( ne , )~ θε  and on angle, θ. For this situation, the NSW model may be 
extended to give a modified crack growth rate, (hereafter referred to as the ‘NSW-MOD 
model’): 
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The form of Eq. 8 is the same as that of Eq. 7, but the dependence of eε~  and on 
angle θ and n is included. Since hydrostatic and Mises stress depend on θ and n, the 
dependence of  on stress state may be evaluated by substituting  
for h in Eq. (3) or any other appropriate model which describes the stress-state 
dependence of the creep ductility. 
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Solutions for the crack tip distributions ),(~ ne θσ  and ),(~ nm θσ  are tabulated in [26] for 
several values of n. Figure 1 shows the variation of [ ]ne n),(~ θσ  for n = 5, 10 and 20 under 
plane stress and plane strain conditions (note that [ ]nnn ),(~),(~ ee θσθε = ). It is seen in 
Figure 1 that the maximum value of [ ]ne n),(~ θσ  is unity at θ ≈ 0° and 90° under plane 
stress and plane strain conditions, respectively. At θ = 0° the difference in the value of 
[ ne n),( ]~ θσ  under plane stress and plane strain conditions can be up to a factor of 100 
depending on the value of n. Figure 2 shows the value of the failure strain  (normalised 
by uniaxial failure strain, εf) for the same values of n, using Eq. 
∗
fε
(3) in conjunction with the 
solution for h  in ? [26].  It is seen that the value of ff εε ∗ increases with angle, θ, both 
under plane stress and plane strain conditions with a much stronger dependence under 
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plane strain conditions (see Figure 2b). It may also be seen that at θ = 0° the multiaxial 
ductility can be up to 500 times lower  under plane strain than under plane stress 
conditions (depending on the value of n). Since both multiaxial failure strain, , and 
creep strain, 
∗
fε
eε~ , depend on angle θ, the maximum value of the CCG rate will occur at the 
angle where the ratio *~ fe εε  is a maximum. Figure 3 shows the angle giving the 
maximum value of CCG rate, , under plane stress and plane strain conditions. It is seen 
that under plane stress conditions  (directly ahead of the initial crack plane), while 
under plane strain conditions the value of   depends on n,  for n = 5, for n 
= 20. 
θˆ
0ˆ =θ
θˆ 0ˆ ≈θ o90ˆ ≈θ
Figure 4 shows the ratio of CCG rate under plane stress and plane strain conditions 
for different values of n at the same value of C* obtained from the NSW-MOD model. 
From Figure 4(a), the maximum value of CCG rate under plane strain conditions is about 
3–7 times greater than that under plane stress, although the ratio depends on the value 
of n. If we assume that crack growth occurs at an angle  (0ˆ =θ Figure 4b), the CCG rate 
under plane strain conditions is up to 7 times faster than that under plane stress 
conditions, depending on the values of n (the ratio decreases with increasing n). Note that 
for n = 20, the predicted crack growth rate for   is lower under plane strain 
conditions than under plane stress conditions. This is due to the lower level of creep 
strain rate under plane strain conditions for this value of n (see 
0ˆ =θ
Figure 1).  
3.2.1 Effect of constraint on creep crack growth 
In [27] a model for predicting the steady state crack growth rate at different levels of 
constraint, given by the Q stress, was proposed. Equation (6) is used to represent the 
CCG rate (rather than Eq. (4) as in the NSW or NSW-MOD model), and the CCG rate is 
then given as  
 gaa MODNSW ⋅= −?? , (9) 
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As before,  is the multiaxial failure strain evaluated from *~fε emh σσ ~/~~ = using Eq. (3) for 
example. So that 
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With the Cocks and Ashby model, the creep exponent, n, and the HRR triaxiality stress 
ratio, , are seen to influence the crack growth rate through the function g as well as 
through the value for 
h?
*~
fε  used in the NSW or NSW-MOD model. In [27] the dependence 
of creep strain and triaxiality was not considered and  was used in Eq. NSWa? (9) rather 
than  (Is that correct?)(In [27], the dependence of creep strain and triaxiality is 
considered and the angle is not considered.  is used in Eq. (9).) 
MODNSWa −?
MODNSWa −?
4. Experimental Data 
In this work creep crack growth at 360°C in a carbon manganese steel (C-Mn) is 
examined. The material properties for the carbon manganese (C-Mn) steel were obtained 
from uniaxial tensile tests and creep tests. The results are from a single batch of material 
and performed within a collaborative programme, [28]. The relevant mechanical 
properties are given in Table 1 [14].  
Figure 5 shows the steady state CCG rate for the C-Mn steel. These data have been 
obtained from a range of specimen sizes (specimen width ranges from 7.5 mm to 50 mm) 
and both deep cracked compact tension and single edge notch bend (three point bend) 
specimens have been tested. The value of C* has been obtained from the load-point 
displacement rate following Eq. (5) and the crack length determined using the potential 
drop technique according to ASTM E1457 [20]. Only data valid according to [20] are 
included (e.g. those data collected in the transition region or for amounts of crack growth 
less than 0.2 mm are excluded). It is seen that the data fall within a relatively narrow 
scatter band and the dependence of crack growth rate, da/dt, on C* follows a near linear 
trend on a log-log scale.  
Also shown in Fig. 5(a) and 5(b), respectively, are the NSW predictions (Eq. 7) and the 
NSW-MOD predictions (Eq. 8) for plane stress and plane strain using the material 
properties in Table 1. The uniaxial failure strain, εf, used in both model is 18%, which is 
the measured value from uniaxial creep tests [14]. The additional parameters needed for 
the NSW and NSW-MOD model are listed in Table 2.  The value taken for the critical 
distance rc is 15 μm, which the average grain size for the material (note that the 
predictions are not very sensitive to the value of rc). Figure 5(a) shows that the plane 
stress NSW model is close to the mean of the measured crack growth rate and the plane 
strain NSW model significantly overestimates the crack growth rate (by almost an order of 
magnitude). 
 Two lines are included for the plane strain NSW-MOD analysis in Fig. 5(b), the line 
corresponding to the angle, , at which θˆ *~ fe εε is maximum (direction of maximum creep 
crack growth) and the NSW-MOD prediction taking , i.e. the direction directly ahead 0ˆ =θ
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of the current crack tip. The latter prediction will be compared with finite element 
predictions in Section 5. It may be seen in Figure 5(b) that the line for  is somewhat 
below the line of maximum predicted crack growth rate (the lines are coincident for plane 
stress conditions). The NSW-MOD model for either plane stress or plane strain conditions 
lie quite close to the experimental data and the plane strain NSW-MOD model for  
gives an upper bound to the experimental data. These results suggest that the NSW-
MOD plane strain model provides a more accurate upper bound estimate of CCG rate 
than the NSW plane strain model for these data. 
0ˆ =θ
0ˆ =θ
Further insight into the creep crack growth behaviour can be obtained through a finite 
element analysis as will be discussed in the next section. 
5. Finite Element Modelling 
A ‘virtual’ fracture testing procedure using the finite element (FE) method [12–14] has 
been developed to predict creep crack growth rates in Carbon Manganese CT 
specimens. It has been found that uncoupled continuum damage methods can be used to 
predict creep crack growth within a numerical framework [14]. In this section, a brief 
review of the approach is presented. 
5.1 Damage Accumulation Model 
Following the discussion of Section 3, it is assumed that CCG occurs by a ductile 
mechanism. A damage parameter, ω, is defined such that the rate of damage 
accumulation is related to the equivalent creep strain rate, , by, cε?
∗=
f
c
ε
εω ?? . (12) 
The damage, ω, accumulates with time due to the accumulation of creep strain, from 
ω = 0 at t = 0, and failure occurs at a material point when ω = 1. In this work the evolution 
of damage is not coupled to the deformation, as in e.g. [7], so that the creep rate of the 
material is not enhanced due to the accumulation of damage.  
5.2 Elastic, plastic and creep strains 
Calculations have been performed using elastic-creep and elastic-plastic-creep material 
descriptions. In the latter case the plastic strains are understood to be independent of 
strain rate giving the total strain as 
crplel εεεε ++= , (13) 
where εel, εpl and εcr are elastic, plastic and creep strains respectively. As discussed in 
Section 2 the creep response is described by a secondary creep law using the average 
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creep properties. The yield strength of the steel at 360oC is 240 MPa, which is relatively 
low. Therefore the effect of plasticity may be important for this material. The plastic 
response is assumed to be governed by a Von-Mises flow rule with isotropic strain 
hardening and was obtained by fitting to uniaxial tensile test data at 360°C. The post-yield 
strain hardening response is treated as piece-wise linear up to the UTS (= 570 MPa) 
beyond which no strain hardening was taken to occur. For an elastic-creep analysis or 
during unloading the plastic strain rate is zero. 
5.3 Finite Element Model 
A typical finite element (FE) mesh is illustrated in Figure 6. A compact tension (CT) 
specimen is analysed with specimen width W = 25 mm and initial crack length to 
specimen width, a/W = 0.45. The load is applied at point P, as indicated in Figure 6. All 
FE analyses were conducted using ABAQUS 5.8 [29] and the mesh contains approx. 
8500 four noded two dimensional elements. Small strain theory has been used in the 
analysis to be consistent with the assumptions of the NSW and NSW-MOD models. Both 
plane stress and plane strain analyses have been carried out. Crack growth was 
modelled using a nodal-release technique [14]—when damage, ω, reaches unity ahead of 
the crack tip, the node at the crack tip is released. The nodal release is implemented 
through the MPC subroutine in ABAQUS [29] and nodes are released over a single 
increment once the failure condition is satisfied in the adjacent element. Regular square 
elements were used in the vicinity of the crack tip (see inset to Figure 6) so the crack 
grows through a region of uniform elements. The mesh size at the crack tip is 
approximately 15 μm (which is also the critical distance used in the NSW and NSW-MOD 
models). It is assumed in the FE analysis that the crack grows in the plane of the initial 
crack front, i.e. along the symmetry plane. Calculations have been performed using 
elastic-creep and elastic-plastic-creep behaviour. In the latter case the plastic strains are 
understood to be independent of strain rate. The creep response is described by a 
secondary creep law using the average creep properties.  
6. Finite Element Results 
Results are first presented for creep ductility, εf = 50%. This value is not representative 
of the measured creep ductility of the C-Mn steel,  but has been examined in order to 
provide a relatively slow crack growth rate in the FE analysis so that transient effects are 
relatively small (i.e. crack growth occurs under predominantly steady state conditions) 
and direct comparison may be made with the NSW and NSW-MOD models. In Section 
6.3, direct comparison with the experimental crack growth data and the FE predictions will 
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be made, by taking εf = 18%, which is the measured uniaxial creep ductility of the C-Mn 
steel. 
6.1 Finite element prediction of creep crack growth rate 
Figure 7 shows the CCG rate predicted from the FE analysis plotted against C* for the 
plane stress/strain analyses with εf = 50% and all other material properties taken from 
Table 1. The transient parts of the crack growth curves (the ‘tails’) have been removed for 
each analysis. Thus only results under (global) steady state conditions are presented. 
(How, precisely were these tails determined? Did you base it on time > transition time or 
just judge it by eye from the figure?) (Δa > 0.2 mm) The parameter C* was calculated 
from the FE load line displacement rate (see Eq. (5)) and good agreement between the 
line integral C* value and that obtained from Eq. (5) has been observed over the region 
of interest, [14]. The crack growth rate, da/dt, is determined directly from the FE analysis, 
with the current crack tip position is taken to be at the position of the most recently 
released node.  
In previous work [12], [13], FE results of the type shown in Figure 7 have been 
compared with the NSW model. Here, the predictions from the NSW-MOD model are also 
considered. The NSW and NSW-MOD predictions are the same as those in Figure 5 
except that the failure strain, εf, has been taken to be 50% so the CCG rate is reduced by 
a factor of approx. 3. In the NSW-MOD model, the crack growth direction is taken to be in 
the plane of the crack ( ) to be consistent with the FE analysis. It may be seen in 0ˆ =θ
Figure 7(a) that under plane stress conditions the CCG rates predicted from the elastic-
creep, the elastic-plastic creep FE analysis and the NSW-MOD model are in good 
agreement and slightly above the original NSW model. Since stress levels are somewhat 
lower in plane stress, the effect of incorporating plastic deformation is not significant. 
Under plane strain conditions (Figure 7b) the NSW-MOD model predicts a lower CCG 
rate over the range of C* than the NSW model. At low levels of C* the elastic and elastic-
plastic creep FE predictions are similar (as expected) and close to the NSW-MOD model. 
At high values of C* (C* > 1 J/m2h) the FE prediction from the elastic-creep analysis is 
considerably higher than the NSW-MOD model and appears to approach the NSW line. 
The elastic-plastic FE analysis predicts a CCG rate somewhat higher than the NSW-MOD 
model at low values of C* and falls slightly below the NSW-MOD line at higher values of 
C*. The high crack growth rates seen in the elastic-creep analysis are believed to be due 
to unsteady crack growth for the elastic-creep material at high values of C*. This will be 
discussed further in Section 6.2. 
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Note that for the NSW-MOD model the CCG rate under plane strain conditions is about 
1.5 times higher than that under plane stress conditions (see Figure 7 and also Figure 4) 
at the same value of C*. In general it is seen that the elastic-plastic-creep FE results are 
consistent with the NSW-MOD model under plane stress and plane strain conditions.  
6.2 Ratio of creep displacement rate and load-line displacement rate 
ASTM E1457 [20] specifies bounds under which C* is applicable in terms of the load-
line creep displacement rate divided by the load-line total displacement rate ( ). The 
creep displacement rate, , is obtained by subtracting the instantaneous displacement 
rate,  , (due to crack growth) from the total displacement rate, i.e. 
ΔΔ ?? /c
cΔ?
iΔ?
  
ic ΔΔΔ ??? −= . (14) 
For convenience, the instantaneous displacement rate,  , is often split into elastic and 
plastic terms, i.e.  
iΔ?
pieii ,, ΔΔΔ ??? += . (15) 
For convenience the notation tc ΔΔ ??? =Δ is used in this section. In [20] it is stated that if 
Δ?  > 0.5, the crack growth rate may be characterised by C*. Values of 5.0<Δ? , imply that 
that the instantaneous displacement rate is a significant fraction of the total displacement 
rate, indicating that rapid non-steady (‘creep-brittle’) crack growth is occurring, which 
cannot be characterised by the steady state creep parameter, C*. 
Figure 8 shows the value of Δ?  as a function of C* obtained from the FE analysis under 
plane stress and plane strain conditions for the elastic-creep and elastic-plastic creep 
analysis.  Δ?  is calculated in the same way as would be done in an experiment: tΔ?  is 
obtained directly from the load point displacement rate and the instantaneous 
displacement rate  is calculated by iΔ? [20],  
⎥⎦
⎤⎢⎣
⎡
′=Δ E
K
P
Bai 22?? , (16) 
where K is the linear elastic stress intensity factor and E′  is the effective elastic modulus 
(E/(1 - v2) for plane strain and E for plane stress). Note that the plastic displacement rate, 
, has been taken to be zero. pΔ?
 It is seen in Figure 8 that under plane stress conditions the value of Δ?  for both the 
elastic creep analysis and elastic-plastic creep analysis is well above 0.5 for the range of 
C* values considered. Thus crack growth occurs under steady state (‘creep-ductile’) 
conditions and can be characterised using C*. Under plane strain conditions the value of 
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Δ?  for the elastic creep analysis decreases with increasing C* (though remains above 
0.5). This is due to the increase in the value of the elastic displacement rate, , as the 
crack growth rate increases. For the elastic-plastic creep analysis the value of 
eΔ?
Δ?  for 
elastic-plastic creep analysis increases slightly with the value of C* and remains about 
0.5. This suggests that for the elastic-plastic creep analysis the crack growth occurs 
under steady creep conditions. 
 Figure 7 indicates that although the value of Δ? remains above 0.5 for the elastic-creep 
analysis, the crack growth data are not described by the steady state NSW-MOD model 
and such a description would be non-conservative. (The additional conservatisms 
inherent in the NSW model ensure that for this case the FE crack growth rates are 
bounded by the plane strain NSW line, though this is not a general result.) The numerical 
analysis thus suggests that the condition that Δ?  > 0.5 does not guarantee that steady 
state conditions prevail and the use of C* is an appropriate parameter. It may be seen 
from Figure 7 and Figure 8, that for 85.0<Δ?  the CCG rate predicted from the FE 
analysis is higher than the NSW-MOD model and for 85.0>Δ?  the CCG rate predicted 
from the FE analysis is close to or lower than the NSW-MOD model (i.e. All C* for plane 
stress and C* > 2 J/m2h for plane strain). Therefore the numerical analysis suggests that 
if 85.0>Δ? , stress conditions are predominantly under ‘creep-ductile’ steady state 
conditions and the crack growth may be characterised using C* and the NSW-MOD 
model. 
6.3 Predicted influence of constraint, Q, on creep crack growth 
The compact tension specimen is a high constraint specimen and Q in Eq. (6) is 
expected to be close to zero over the range of conditions examined. Figure 9 shows the 
variation of Q with C* during crack growth, for an elastic-creep and an elastic-plastic-
creep analysis under plane stress/strain conditions. (A value of 0σ = 600 MPa is used to 
evaluate Q from Eq. 6, so that Q = –1 implies that the crack tip stress is 600 MPa less 
than that predicted by the HRR solution.) Note that Q is defined relative to the appropriate 
plane stress or plane strain HRR distribution so the values in Figure 9(a) and (b) cannot 
be compared directly. It can be seen from Figure 9 (a) that under plane stress conditions 
the value of Q is close to zero and almost independent of crack tip plasticity up to C* 
values of about 100 J/m2h. The effect of plasticity is more evident for the plane strain 
case, illustrated in Figure 9(b). For values of C* > about 0.01 J/m2h, the value of Q, is 
lower for an elastic-plastic analysis than for an elastic analysis. 
The largest deviation of Q from zero in Figure 9 is seen for the elastic-plastic plane 
strain analysis. Figure 10 shows the comparison of the CCG rate under plane strain 
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conditions predicted from the FE analysis in conjunction with the Budden and Ainsworth 
model (see Eq. (16)), in which the contribution of Q to the creep crack growth rate is 
considered. (Is this actually a Budden and Ainsworth-MOD model or does it take into 
account the angular dependence of strain and triaxiality?) (the angle is not considered but 
the triaxiality is considered) The two lines are almost indistinguishable indicating that in 
this case incorporation of Q does not significantly affect the predicted crack growth rate.  
6.4 Comparison with Experimental Data for C-Mn 
The previous analyses were for εf = 50% to ensure steady state creep conditions. In 
this section the results obtained from the model taking εf = 18% are compared with the 
NSW and NSW-MOD model and with the experimental data for C-Mn. (In [13] and [15] 
experimental data for the C-Mn steel have been compared with the NSW model.) Figure 
11 shows the comparison between the FE prediction, the NSW model (Eq.(7)) and the 
NSW-MOD model (Eq. (8)) with εf = 18%. (Have any tails been removed in the FE 
analysis? If so, on what basis?)(Δa > 0.2 mm)  Elastic-plastic-creep FE analyses were 
conducted to predict the CCG rate and, as before, it is assumed that crack growth is in 
the plane of the crack, = 0. Over the range where the experimental data are available, it 
is seen that the plane stress and plane strain FE predictions give similar crack growth 
rates (consistent with 
θˆ
Figure 7) and fall within the scatter band of the data. However, it 
may be seen that for low values of C* (outside the range of the experimental data) the 
plane strain FE analysis predicts a considerably higher crack growth rate than either the 
plane stress FE prediction or the NSW-MOD model and is even above the plane strain 
NSW model (Figure 11a).  
Figure 12 shows the value of Δ?  versus C* for the FE analysis. It is seen that under 
plane stress conditions the values of Δ?  is above 0.5 over the range of C* values 
considered. Under plane strain conditions, Δ?  increases with increasing C* and at low 
values of C*, the values of Δ?  is well below 0.5, indicating that when εf is sufficiently low, 
crack growth can occur in the early transient creep regime, where   is a significant 
fraction of . Under these conditions, the use of the NSW or NSW-MOD model may be 
questionable. It should be pointed out that the FE analysis does not rely on a steady state 
assumption.  
Thus the prediction of 
ei,Δ?
iΔ?
Figure 11 is not incorrect; the result simply indicates that for this 
material and at low values of C* the crack growth rate cannot be characterised by C* and 
the NSW or NSW-MOD models. Thus, the predicted enhanced crack growth rate at low 
C* values may be a real effect and should be considered when extrapolating from short 
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term tests (high C*) to long term tests (low C*), the latter being more representative of 
conditions in actual industrial components. 
It may be seen in Figure 11 that for plane stress conditions there is good agreement 
over almost the full range of C* between the FE predictions and the NSW-MOD model 
(the same trend was in the previous section for εf = 50%). In considering the value of Δ?  
in Figure 12, it is seen that provided the value of Δ?  is above 0.65, the NSW-MOD plane 
strain model provides a conservative estimate of the CCG rate, compared to the FE 
prediction. The NSW plane strain model gives conservative estimates provided 25.0>Δ? . 
Insufficient experimental data for the C-Mn steel are available to confirm this result, 
though data for a stainless steel tested at high temperature and at low C* leads to a 
higher predicted CCG rate compared to those at higher levels of C*. 
7. Conclusion 
A finite element study of creep crack growth (CCG) using a damage variable within a 
finite element framework to quantify time dependent crack tip degradation has been 
carried out. The material examined is carbon-manganese steel tested at 360°C (in the 
creep regime). A power law creep model is used to describe the creep behaviour of the 
steel and both plane stress and plane strain conditions are examined. The predicted CCG 
rate is correlated using the creep parameter C* determined from the load-line 
displacement rate. A modified ductility exhaustion model NSW-MOD which is derived 
from the NSW model is presented which takes into account the effect of the the maximum 
damage angle at the crack tip to predict CCG rates. The model compares favourably with 
the experimental CCG data form Carbon- Manganese tests, FE predictions. 
The NSW-MOD model under plane strain conditions gives less conservative predictions 
than the NSW model under plane strain conditions and upper bounds of experimental 
data. For 85.0<Δ?  the CCG rate predicted from FE analysis is higher than the NSW-MOD 
model. The convergence of the plane stress and plane strain predictions at high values of 
C* is believed to be due to the reduction of Q and high value of Δ?  (i.e. steady state). 
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Table 1: Material constants for the high nitrogen C-Mn steel at 360°C (for AA and nA, 
stress is in MPa and time in hours). 
Temperature Young's modulus σy AA nA εf 
360°C 190 GPa 240 MPa 1.78×10-30 10.0  18% 
 
Table 2: Material properties used in NSW model and NSW-MOD model in Figure 5  
Stress conditions In εf*/εf (0, 10) ( )10,0~ == ne θε rc 
Plane stress 2.98 0.49 0.95 15 μm 
Plane strain 4.54 0.0044 0.018 15 μm 
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Figure 1: Dependence of equivalent stress function neσ~  in HRR distributions on angle θ 
and n; (a) plane stress and (b) plane strain 
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Figure 2: Dependence of normalised multiaxial failure strain, , normalised by uniaxial 
failure strain,  εf, on angle θ and n ; (a) plane stress and (b) plane strain. 
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Figure 4: Ratio between predicted crack growth rate under plane strain and plane stress 
conditions at the same value of C*; (a) crack grows in the direction of the maximum value 
of CCG rate ( ) and (b) crack grows at an angle of 0°. maxa?
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Figure 5: Steady state creep crack growth rate, da/dt, versus C* for the C-Mn steel at 
360°C; (a) experimental data are compared to NSW model (b) experimental data are 
compared to NSW-MOD model; (εf = 18% and n = 10 and other properties are in Table 1 
and Table 2) 
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Figure 6: Finite element mesh for creep crack growth analysis of a CT specimen. 
Loading is applied at point P, indicated in the figure. 
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Figure 7: CCG rate predicted from FE analysis versus C* with NSW and NSW-MOD 
model under (a) plane stress and (b) plane strain conditions. (εf = 50% and n = 10 and 
other properties are in Table 1 and Table 2) 
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Figure 8: ΔΔ ??? c=Δ  plotted against C* for (a) plane stress and (b) plane strain. 
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Figure 9: Variation of Q with C* (a) plane stress and (b) plane strain 
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Figure 10: Comparison of CCG rate under plane strain between FE analysis CCG models 
for elastic-plastic-creep. (εf = 50%, n = 10 and other model properties are in Table 1 and 
Table 2)) 
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Figure 12: ΔΔ ??? c=Δ  plotted against C* for FE prediction (εf = 18%; n = 10) 
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